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Introduction
Planet properties evolve with time, and this evolution is particularly dramatic at
small orbital separations. Radii shrink and temperatures drop as planets cool and
contract. Eccentric orbits circularize under the influence of stellar tidal potentials.
Atmospheres may erode from exposure to intense stellar emission at X-ray and
extreme UV wavelengths. Theoretical models predict that the radii of Kepler-type
planets (periods < 100 days, radii < 4 R⊕) are several times larger at ages of a few
to tens of million years (Owen & Wu 2013). While there is no shortage of
theoretical predictions, there is a serious dearth of planets known around
young stars. Consequently, each young exoplanet is a rare and valuable
benchmark with which theoretical planet evolution models can be tested.
Transiting planets are particularly valuable, allowing for precise determinations of
the planet’s mass, radius, temperature, eccentricity, and orbital alignment with the
stellar rotation. Furthermore, the atmospheres of transiting planets can be studied
in detail through transmission spectroscopy.

Figure 1. K2 light curve of V1298 Tau before and after subtraction of the GP model
(top two panels). Quasi-periodic brightness modulations with a period of 2.86 days
are due to rotation of the star’s spotted surface. Phase-folded transit data (points),
mean transit models (solid lines) and their 1-σ contours (shaded bands) are shown
in the third row. Below, residuals from the mean transit model.

Figure 2. Contours show a
kernel density estimate of known
transiting exoplanets in the
orbital period vs. radius plane.
Many of the youngest known
planets reside in low occurrence
regions of this parameter space,
while some are indistinguishable
from the global population.

Methodology
Kepler, in its extended K2 mission, targeted fields near the ecliptic plane
including thousands of stars belonging to young stellar populations (ages 1-1000
Myr). Using spatio-kinematic information from Gaia, we searched the entire K2
source catalog for candidate members to young stellar populations and identified
~2900 such stars. Among those are 432 candidate members of the Taurus-Aurigae
star-forming region (<5 Myr; 140 pc). We performed a systematic search for
transiting planets within the K2 light curves for the Taurus-Aurigae stars, finding a
single transiting planet host: V1298 Tau.

Although several groups previously searched these light curves, the planets
of V1298 Tau were not found likely because of the stellar variability. Typical
young stars may vary in brightness by several percent over timescales of
hours to days, presenting a challenge to standard “de-trending” procedures.
We employed a flexible spline fit with iterative outlier rejection to pre-condition
light curves for a box-least-squares transit search. After the initial detection stage,
we then simultaneously modeled the stellar variability and planetary transits using
a Gaussian process and analytic transit models (Figure 1). This procedure
naturally accounts for the uncertainty in the planetary radii introduced by the
unknown slope of stellar variability in transit.

Results
We detect three transiting planets around V1298 Tau (David et al. 2019). A
detailed membership analysis reveals that V1298 Tau is not a member of the star-
forming clouds in Taurus, but a separate population named Group 29, which was
only recently discovered from Gaia (Oh et al. 2017). Group 29 has an age
between 20-30 Myr (Luhman 2018), making V1298 Tau the first pre-main
sequence star to host multiple transiting planets.

The radii of all three planets are between the size of Neptune and Jupiter
(Table 1), much larger than typical close-in planets (<4 R⊕) found by Kepler
(Figure 2). For context, there is only one other star known to host three planets
larger 5 R⊕ at such small separations: the touchstone system Kepler-51, which
hosts unusually low-density planets. Radial velocities indicate a 3σ upper limit to
the mass of the middle planet of <0.9 MJup (Beichman et al., submitted). It is likely
that the planets orbiting V1298 Tau will contract significantly over the next ~Gyr.
The system may thus represent a progenitor to the compact, multi-planet systems
found in great numbers by Kepler.

Conclusions
1. We report the detection of three large planets transiting the 20-30 million-year-

old star V1298 Tau, which are among the youngest ever discovered.
2. Though the planets are large (between the size of Neptune and Jupiter), they

are unlikely to be as massive as Jupiter. Instead, V1298 Tau likely represents a
progenitor of the compact, multi-planet systems found in great numbers by the
Kepler mission.

3. The inner planet is expected to be actively losing mass through photo-
evaporation. The outer planets should be largely shielded from the effects of
photo-evaporation, and thus may tell us about the initial conditions of typical
Kepler planets.

Planet c Planet b Planet d
Period (days) 8.2480 24.1386 >36
Radius (R⊕) 5.9 ± 0.3 10.2 ± 0.6 10.4 ± 0.9

References
David et al., arXiv:1902.09670 Oh et al. 2017, AJ, 153, 257
Luhman, 2018, AJ, 156, 271 Owen & Wu, 2013, ApJ, 775, 105
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Debris disks contain solid bodies in collisional cascade, ranging from km-sized down
to micron-sized dust grains. They are remainders of planetary formation processes.
As example, our own Solar system hosts the Main Asteroid and the Kuiper belts,
which shape and extent is driven by interactions with planets.
Consequently, extrasolar debris disks can provide crucial information on the planetary
content of a system, especially in systems where planets are expected too far out to be
detectable through radial velocities of transit techniques and in systems too old for
planets to be directly imaged.

CHARACTERIZING THE ECCENTRIC DISTANT COMPANION RELIES ON 
CHARACTERIZATION OF ITS GRAVITATIONAL IMPRINT ON THE BELT 

AND ACCURATE KNOWLEDGE OF ITS GEOMETRY
This can be achieved thanks to ALMA high resolution observations at millimeter 

wavelengths, as these wavelengths probe much larger grains that HST does, which 
are much less affected by stellar radiation effects, and which spatial distribution 

bears therefore more clearly the gravitational imprint of the companion

• From the study of the disk seen in scattered light with HST, the belt-shaping 
companion should have a maximum mass of ~15 MJup and orbit at a minimum 
separation ~ 3”. 

• It is thus not possible to characterize it via Radial Velocities or Transit techniques, 
and current direct imaging capabilities do not allow the observation of such a 
companion around a star as old as HD 202628.

Left: HST/STIS coronagraph images of the HD 202628 
disk (combined observations of Krist+ 2012 & 

Schneider+ 2016). Right: Herschel/PACS 70 microns 
observation, that shows a characteristic pericenter-glow 

expected from eccentric debris disks (Wyatt+ 1999)

Left: ALMA 1.3 mm continuum observations of HD 202628 (PI= V. Faramaz). Contours show the 2, 4,
6,... s significance levels, with s = 5.4 Jy/beam. The resolution of this map is ~0”.8. The stellar
photosphere appears inner to the ring and is detected with SNR 5. It is offset from the ring center of
symmetry, which confirms the intrinsic eccentricity of the debris belt. Bright sources (SNR> 6) within the
field are labeled from S1 to S4. Right: Result of the MCMC fit on the ring geometry as found by ALMA.

• HST and ALMA data agree on the position of the ring inner edge, however, the 
ring is much narrower seen with ALMA than with HST. With R=143.8 AU and 
ΔR≈ 20 AU, ∆&/& < 0.5, and hence, this debris disk pertains to the class of 
narrow rings (along with Fomalhaut and HR4796, Hughes+ 2018).

• This type of narrow ring has been suggested to originate from collisions 
between irregular satellites surrounding a belt-shaping planet (Hayakawa & 
Hansen, in prep), which is extremely interesting in this context as we suspect 
the source S1 to be circumplanetary material surrounding the expected 
companion. 

• The status of this source will be soon ascertained with new ALMA 
observations (PI= V. Faramaz) that will determine whether S1 is comoving 
with the star or not.

• If this source proves to be comoving with the star, it would be the very first 
time circumplanetary material is directly observed and would provide a target 
of choice for future JWST observations.

Plots of the azimuthal median value versus radius from the star measured in 36º
sectors aligned along the line of nodes of the deprojected HD 202628 HST
relative density map (dashed line) and the deprojected ALMA image.

Theoretical constraints on the belt-shaping eccentric perturber (mass, semimajor axis, eccentricity) :
• (1) The eccentricity imposed on the ring is 0.09. 
• (2) and (3) : The apastron and periastron of the planet should not cross the ring. 
• (4) The planet should carve the inner edge at 143.1 AU. 
• The mass of the planet should be such that the dynamical timescales allow it to (5) empty its 

surroundings and carve the inner edge and (6) give the ring its eccentric shape.
• (7) : couples (ap,mp) that correspond to a Hill radius compatible with the half extent of the 

sources S1. If S1 were indeed circumplanetary material surrounding the belt-shaping planet, and 
under the assumption that the material fills the planet’s Hill radius, one would be able to fully 
characterize it, alleviating degeneracies between the mass and orbital parameters.

• HD 202628 is a Gyr-old Solar-
type star surrounded by an 
eccentric debris disk unraveled 
by HST in 2011. It therefore 
hosts a belt-shaping (and yet 
invisible) planet on an 
eccentric orbit.

• As eccentric planets have been 
found to be much more 
common than the sole study of 
the Solar System hinted at, HD 
202628 is probably a much 
more representative mature 
exoplanetary system than the 
Solar System is.

References: Krist et al. 2012, AJ, 144, 45 • Schneider et al. 2016, AJ, 152, 64 • Wyatt et al. 1999, ApJ, 527, 
918 • Hughes et al. 2018, ARA&A, 56, 541 • Hayakawa & Hansen (in prep)
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HR 4796 A is a close-by young star which harbors a debris disk first imaged in scattered light in 1999. Its narrow and sharply carved belt at
80 AU made it a very popular target for all imaging instruments from the visible to the far IR since then, constraining further its geometrical
parameters and spatial extension. Measurements of scattered light phase functions have long been used as a powerful tool to measure dust
grain properties of comets and asteroids in the solar system.

For exosolar debris disks, in-situ measurements are impossible; therefore, high-contrast imaging observations in visible and near-IR are
needed to infer the dust properties. They have been extracted for only a few disks so far. Indeed, extraction of these observables is
complicated by the PSF subtraction techniques applied to coronagraphic images, whose effects have to be carefully corrected. We have
recently obtained observations of this debris disk with Gemini/GPI. This scattering phase function is different from ones not only measured
on the limited sample of debris disks but also on various dust populations in the solar system. Using this observable, we use MCFOST, a
radiative transfer code to constrain the dust properties for this object.

GEOMETRICAL ANALYSIS

RDI
NMF

ADI 
Mask &
Interpolate

ADI
KLIP

RDI
KLIP

References: [4] Pueyo 2016 ApJ
[1] Soummer et al. 2012 ApJ [5] Milli et al. 2017 A&A
[2] Perrin et al. 2015 ApJ [6] Hughes et al. 2018 ARAA
[3] Ren et al. 2018 ApJ [7] Pinte et al. 2006 A&A

Figure 6

Observed scattering phase function for various debris disks (colored symbols; Kalas et al. 2013;
Stark et al. 2014; Olofsson et al. 2016; Milli et al. 2017b), the GGTau protoplanetary ring (black
symbols; McCabe et al. 2002; Krist et al. 2005), and several dust populations in the Solar System
(gray symbols and black curves; see PartC of the Supplementary Materials). For consistency, we
have assumed that the brighter region of each debris disk corresponds to the front side of the disk
(for the case of Fomalhaut, see Le Bouquin et al. 2009). Near-infrared observations are shown as
pentagons whereas other symbols indicate visible light observations. The orange curves display
representative Henyey-Greenstein phase functions.

well the generic phase function (Min et al. 2016; Tazaki et al. 2016, and references therein).

This suggests that debris disk dust particles share a similarly porous structure to cometary

dust, whereas the detailed dust composition only plays a secondary role in setting the

phase function. Even the unusual phase function observed in the HR4796A system is

consistent with scattering o↵ porous aggregates, albeit with a larger minimum size of 20–

30µm (Milli et al. 2017b). Based on these calculations, it is worth emphasizing that a larger

minimum grain size typically results in a shallower phase function around 90� scattering

angle, contrary to naive expectations, which further emphasizes the danger in interpreting

the degree of forward scattering in terms of minimum grain size.

3.3. Implications and perspectives

As discussed above, the availability of increasingly higher quality observations of debris disks

in recent years has led to a number of robust conclusions about their dust content. The dust

composition is dominated by silicates, albeit with non-negligible amounts of refractories

and ices, much like dust in the Solar System. Individual grains are characterized by an

aggregate-type structure with significant degrees of porosity. The overall shape of the size

28 Hughes et al.

From [6]

MCMC ANALYSIS

SCATTERING PHASE FUNCTIONS

Geometrical analysis using 4 different 
reduction techniques showed consistent 
results :

o KLIP ADI [1]
o Mask & Interpolate [2]
o NMF [3]
o KLIP RDI [1]

Markov Chain Monte Carlo analysis 
on all the data using a forward 
modeling approach to correct for 
the bias introduced by the ADI [4]. 

Geometrical parameters extracted 
2 component Henyey-Greenstein to 
fit the scattering phase functions.

We also analyzed SPHERE data 
already published by Milli+ 2017 
[5] for comparison. 

HR 4796 scattering phase function (SPF) is different from the ones 
measured not only on the limited sample of debris disks but also on 
different dust population in the solar system [6], with (1) an 
extremely forward scattering curve, (2) a dip at scattering angles 
from 30° to 70° (the SPF minimum is usually around a 90°), 
and (3) a rise at high scattering angles. 

We find an SPF close but significantly different than [5]. We tried 
more complicated mathematical functions (3 component Henyey-
Greenstein) with the same result. 

All spectral bands (J H K1 K2) show the same SPF: predicted 
differences between them are smaller than our error bars.

We used a radiative transfert code MCFOS [7]. A large minimum 
grain size was required to reproduce the observed back scattering 
from the back side of the disk (expected from an active A star). 
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Dark energy experiments in the 2020s will be systematics-limited unless all significant sources of errors are identified and well understood. 
We developed a model for the neighbor bias, a general class of observational systematics that can produce percent-level biases.

We provide a mitigation strategy for an optimal extraction of cosmological information.

Problem
§ NASA’s Wide-Field Infrared Survey Telescope (WFIRST) and the ESA/NASA 

Euclid telescope are dark energy experiments that will be launched in the 
2020s and will conduct imaging galaxy surveys.  They will probe the dark 
matter distribution by analyzing the galaxy positions (galaxy clustering) and 
the galaxy shapes (weak lensing).

§ Detecting a galaxy and measuring its shape
accurately is harder in the presence of
nearby galaxies. This neighbor bias can
be sourced by (see figure):
• The light contamination from neighbors.
• The overlap of multiple galaxies into a

single blended blob.
• The presence of faint and undetected

galaxies.
• The amount of background light.
• The obscuration from extended sources

reducing the detection efficiency.
§ Unresolved questions:

What is the  impact of a systematic with spatial variations coupled to the 
signal? Can we ignore the neighbor bias in Euclid and WFIRST? How can 
it be mitigated? There is a lack of methods addressing these questions.

Methodology
§ We developed efficient numerical techniques to simulate galaxy 

formation and the large-scale structure across cosmic times.
§ We built an analytical model for the neighbor bias. We showed 

that a wide variety of systematic errors are well explained by a linear 
coupling with the matter density field, as shown in the figure.

§ The model provides predictions of the biases on the measurements of 
galaxy clustering and weak lensing.

§ To test the model, we use the simulated catalogs to determine 
numerically the impact of the neighbor bias on the observables and 
compare it with the model predictions.

Results
§ The analytical model for the neighbor bias has a single parameter Γ (for each galaxy sample) that tunes the strength of the coupling:
§ We find biases in the observables at the percent level that are scale independent for galaxy clustering but show scale dependence for weak lensing (see fig.)

§ Such errors are mostly unaccounted for in current analysis and will compromise the results of future and more precise surveys as WFIRST and Euclid.    
We suggest that a strategy to mitigate all the possible channels of neighbor bias is to encapsulate them all in our analytical model, which has to be plugged 
in into the software for model fitting to the data, and to marginalize over the added nuisance parameters.

Error = Γδ
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Galaxy clustering and weak lensing measure the excess of structure with respect to a random spatial distribution. The neighbor bias 
produces biases at the percent-level for such observables. The model predictions agree with the numerical measurements.

Linear coupling in our 
model between the error 
and the local density of 
galaxies on the sky.

Benefit to JPL
§ The techniques presented here enable JPL to efficiently produce simulated extra-

galactic catalogs with many layers of realism and identify new systematic errors.
§ This work puts JPL in the forefront of mitigating observational systematics 

affecting the observables of  WFIRST and Euclid.
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Dark energy experiments in the 2020s will be systematics-limited unless all significant sources of errors are identified and well understood. 
We developed a model for the neighbor bias, a general class of observational systematics that can produce percent-level biases.

We provide a mitigation strategy for an optimal extraction of cosmological information.

Problem
§ NASA’s Wide-Field Infrared Survey Telescope (WFIRST) and the ESA/NASA 

Euclid telescope are dark energy experiments that will be launched in the 
2020s and will conduct imaging galaxy surveys.  They will probe the dark 
matter distribution by analyzing the galaxy positions (galaxy clustering) and 
the galaxy shapes (weak lensing).

§ Detecting a galaxy and measuring its shape
accurately is harder in the presence of
nearby galaxies. This neighbor bias can
be sourced by (see figure):
• The light contamination from neighbors.
• The overlap of multiple galaxies into a

single blended blob.
• The presence of faint and undetected

galaxies.
• The amount of background light.
• The obscuration from extended sources

reducing the detection efficiency.
§ Unresolved questions:

What is the  impact of a systematic with spatial variations coupled to the 
signal? Can we ignore the neighbor bias in Euclid and WFIRST? How can 
it be mitigated? There is a lack of methods addressing these questions.

Methodology
§ We developed efficient numerical techniques to simulate galaxy 

formation and the large-scale structure across cosmic times.
§ We built an analytical model for the neighbor bias. We showed 

that a wide variety of systematic errors are well explained by a linear 
coupling with the matter density field, as shown in the figure.

§ The model provides predictions of the biases on the measurements of 
galaxy clustering and weak lensing.

§ To test the model, we use the simulated catalogs to determine 
numerically the impact of the neighbor bias on the observables and 
compare it with the model predictions.

Results
§ The analytical model for the neighbor bias has a single parameter Γ (for each galaxy sample) that tunes the strength of the coupling:
§ We find biases in the observables at the percent level that are scale independent for galaxy clustering but show scale dependence for weak lensing (see fig.)

§ Such errors are mostly unaccounted for in current analysis and will compromise the results of future and more precise surveys as WFIRST and Euclid.    
We suggest that a strategy to mitigate all the possible channels of neighbor bias is to encapsulate them all in our analytical model, which has to be plugged 
in into the software for model fitting to the data, and to marginalize over the added nuisance parameters.
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Galaxy clustering and weak lensing measure the excess of structure with respect to a random spatial distribution. The neighbor bias 
produces biases at the percent-level for such observables. The model predictions agree with the numerical measurements.

Linear coupling in our 
model between the error 
and the local density of 
galaxies on the sky.

Benefit to JPL
§ The techniques presented here enable JPL to efficiently produce simulated extra-

galactic catalogs with many layers of realism and identify new systematic errors.
§ This work puts JPL in the forefront of mitigating observational systematics 

affecting the observables of  WFIRST and Euclid.
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Using machine learning techniques, we selected cold brown dwarf candidates
from the CatWISE Preliminary Catalog. We obtained follow-up photometry at
ch1 (3.6 !") and ch2 (4.5 !") using NASA’s Spitzer telescope, to confirm the
nature and estimate the effective temperature of our targets. The reddest, therefore
coldest object from our follow-up is CWISEP J193518.59-154620.3, with a color
of ch1− ch2 = 3.24 ± 0.31mag. The images above show the target as seen by
WISE (top row), and Spitzer (bottom row). The red circles mark its position at the
two epochs. The motion between the two observations is clear, and we measure
!, cos 0 = 337 ± 69 mas/yr and !4 = −50 ± 97 mas/yr. The object is invisible
in the W1 image, and very faint in the ch1 image, while being very bright in the
W2 and ch2 images, hinting at a very cold temperature (see below).
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Comparing the ch1−ch2 color for CWISEP J1935-1546 with known brown
dwarfs, we can see that our newly discovered object is among the reddest,
therefore coldest, brown dwarfs known. Its color rivals that of the coldest brown
dwarf, WISE J0855-0714 (Luhman 2014, ch1−ch2= 3.41 mag, 6788 = 250 K).
Using the color-temperature relation presented in Kirkpatrick et al. (2019) we
derive 6788 = 270 − 360 K, which implies CWISEP J1935-1546 is at a distance
of only 5.6 − 10.9 pc (18 – 35 light years).
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Finding more of these cold nearby
objects is one of the goals of CatWISE,
a NASA ADAP funded project that
combined data from the 2010-2016
phases of NASA’s WISE and
NEOWISE mission (Wright et al. 2010,
Mainzer et al. 2014). CatWISE has
produced a catalog of ~900 million
sources with measured W1 (3.4 !")
and W2 (4.6 !" ) photometry, and
motion. CatWISE is built over 4x more
data than its predecessor, AllWISE
(Cutri et al. 2013) covering the full sky
8+ times over a total time baseline of 6+
years. Leveraging on this larger dataset
and longer baseline, CatWISE is ~0.5
mag deeper and 10x more sensitive to
motion than AllWISE (Eisenhardt
2019). The CatWISE Preliminary
Catalog is available at catwise.github.io.
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The census of objects in the Solar neighborhood is still incomplete. Extremely
cold sub-stellar objects (known as brown dwarfs; Kumar 1962) are challenging
to identify, even in close proximity to us, because of their intrinsic faintness.
Kirkpatrick et al. (2019) found that the Solar neighborhood census
completeness limit drops to less than 8 pc (~26 light years) for objects as cold
as 300 K (right panel). This incompleteness has prevented us from answering
one of the most fundamental questions in all of astrophysics – how star
formation can create objects of extremely low mass, and the efficiency with
which it does so. Preliminary results from Kirkpatrick et al. (2019) show that
the cutoff mass for star formation must be lower than 10 9:;< because the
model predictions for such a cutoff are underpredicting the observed space
density (left panel).

References: Cutri et al., 2013, Explanatory Supplement
to the AllWISE Data Release Products; Eisenhardt,
2019, AAS Meeting #233, id.162.07; Kumar, 1962,
Institute for Space Studies Report Number X-644-62-
78; Kirkpatrick, et al., 2019, The Astrophysical Journal
Supplement Series, Volume 240, Issue 2, article id. 19;
Luhman, 2014, The Astrophysical Journal Letters,
Volume 786, Issue 2, article id. L18; Mainzer, et al.,
2014, The Astrophysical Journal, Volume 792, Issue 1,
article id. 30; Wright, et al., 2010, The Astronomical
Journal, Volume 140, Issue 6, pp. 1868-1881.
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Fig. 6.— Cartoon of the proposed multiphase structure of the
gas in outflows. From the outer to the inner regions, the ionizing
radiation indicated by the arrows is attenuated and the gas has
a lower temperature and higher density, thus being able to host
low-ionization species in the core.

driven by local processes, and are independent of the cos-
mic metallicity evolution. It is worth noting, however,
that our measurements cover a narrow redshift range
compared to the overall period of cosmic metal enrich-
ment.

6. THE MULTIPHASE OUTFLOW STRUCTURE

Figures 2 and 3 showed that the dependence on outflow
velocity of the Ovi and Nv transitions is significantly dif-
ferent from that seen for other low- and high-ionization
species. The behavior of these two ions resembles that
of the intercept (n; top left panel in Figure 3), the lat-
ter related to the width of the absorption features (see
also the evolution of the intercept and these two species
in Figure 5). Similar di↵erences are also suggested in
the bottom right panel of Figure 4, where the features
of Ovi and Nv show a steeper slope compared to the
other high-ionization species in the BAL width range
⇠ 1 000 � 2 000 km s�1, and in some cases also at larger
width values. Furthermore, the bottom right panel in
Figure 4 tentatively suggests that the slope of the equiv-
alent width evolution with BAL width might be steeper
for Civ and Svi than for Siiv, although flatter than those
of Ovi and Nv. This might also be the scenario illus-
trated in the bottom middle panel of Figure 3. The un-
certainties in these last cases, however, are large and the
suggested trends may not be real.

6.1. The Russian-doll Model

We propose a multiphase stratified structure for the
outflow in order to explain the di↵erent evolutions of the
species, inspired by that proposed by Stern et al. (2016)
for the circumgalactic medium. In the typical conditions
of the circumgalactic medium, the Ovi and Nv species
trace gas regions that are less dense and slightly hotter
(T ⇠ 2 � 3 ⇥ 105 K, nH ⇠ 5 ⇥ 10�5 cm�3) than those
inhabited by Civ and Svi (T ⇠ 1 � 2 ⇥ 105 K, nH ⇠
2 ⇥ 10�4 cm�3), and especially by Siiv (T ⇠ 7 ⇥ 104 K,
nH ⇠ 10�3 cm�3) on average (see figure 6 in Tumlinson
et al. 2017, and figure 1 in Stern et al. 2016).
Figure 6 illustrates a cartoon of our proposed Russian-

doll model for the multiphase outflowing gas. Here, Ovi
and Nv trace the outermost UV parts of the outflowing

material (red area), exposed to the strong radiation field
(large arrow) that keeps them highly ionized. A second
inner region (orange-yellow area) may then contain the
Civ and Svi, where the ionizing flux has already been
attenuated considerably (middle arrow) by the first UV
layer, allowing a higher density and a lower temperature.
Two additional regions deeper in the gas (green and light

blue regions), at lower temperatures, higher densities,
and less exposed to the radiation (small arrow), host the
Siiv and the low-ionization species, respectively. A Siiv
protected from the strong radiation field in the deepest
regions of the outflowing material can explain the simi-
larity between the equivalent width evolution of Siiv and
the low-ionization species, and the fact that Siiv is the
only high-ionization species that shows a weaker feature
in BALs than in DLAs in our Figure 1. However, we saw
in Mas-Ribas et al. (2017) that the equivalent width of
Siiv does not correlate with the column density of neu-
tral hydrogen in DLAs (lower panels in figure 11 there),
which suggests di↵erent gas phases for Siiv and the low
ions. Intermediate-ionization species such as Aliii likely
reside in the two inner regions as well, as they often show
a similar behavior to that of low ions (e.g., Filiz Ak et al.
2014).

6.2. The Radiation Shield

Our outflow structure could also account for the
‘radiation shield’ that is often invoked in radiatively-
accelerated outflow scenarios (Murray et al. 1995; Ch-
elouche & Netzer 2003, although see Baskin et al. 2013;
Baskin et al. 2014b). In brief, most of the acceleration
arises from the absorption of UV radiation, but if the
gas is highly-ionized it is too optically thin to the UV
photons and the radiative acceleration becomes ine�-
cient (the so-called overionization problem; Castor et al.
1975; Stevens & Kallman 1990; Dannen et al. 2018).
Therefore, the high-energy (X-ray and far-UV) photon
flux needs to be significantly suppressed before reach-
ing the acceleration region to keep the medium optically
thick to UV radiation (Leighly 2004; Baskin et al. 2013),
which can be achieved with a large column density, above
NH ⇠ 1022�1023 cm�2, of highly-ionized material (Mur-
ray et al. 1995). This shield is sometimes assumed to
have a constant density and to remain static close to
the source of radiation, but Hamann et al. (2013) indi-
cated that absorption signatures from this gas at very
low velocities are not observed (see an extended discus-
sion in section 5.1 of Hamann et al. 2018b). Addition-
ally, Chartas et al. (2002, 2003) detected broad X-ray
absorption features at velocities & 0.2 � 0.3c that disfa-
vor the static medium. We suggest that the radiation-
shielding gas is comoving with the outflow, more pre-
cisely, that the radiation shield are the most external
layers in the multiphase structure of Figure 6 (leftmost
red and purple areas), where X-ray and far-UV transi-
tions take place (McKernan et al. 2007; Reeves et al.
2013, see also Hamann et al. 2018a).
Baskin et al. (2014b) argued that a stratified multi-

phase structure as the one proposed here could circum-
vent the overionization problem without the need of a
static shielding layer (see also Arav et al. 2013), and
a structure with di↵erent phases was also suggested by
Baskin et al. (2014a) and Stern et al. (2014) to explain
observed properties of the broad line region (BLR) in

a. What are the physical processes ejecting the material?

b. What are the nature and properties of this outflowing
gas?

What?

How?

Why?
Supermassive Black holes in the center of all massive

galaxies can eject the gaseous material orbiting them.

This can supress star formation and even enrich with
metals the distant intergalactic medium!

Look at the absorption signatures of the outflows on the
emission spectrum of the black hole.

Ubiquitous Radiative Acceleration in Quasar Outflows 9

Fig. 5.— Outflow composite spectrum for the subsample with outflow velocities in the range 1 500  v < 3 000 km s�1. The light blue
color represents the transmitted quasar flux and the dark blue the absorbed regions with transmission below the unity value. Around 150
of the absorption features in Table 1 are labeled for identification, and the axes in each range are independently scaled for visualization.
The line-locking component is visible in the low-wavelength side of the strongest absorption features. This spectrum was normalized for
visualization by using a simple smooth continuum on the original spectrum, which results in artificial flux excess next to some of the
strongest absorption features.
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The average outflow absorption spectrum from more
than 10,000 black holes (quasars) above.

* Many metal species in the outflows are discovered due to
the stacking!

* The absorption lines denote highly-ionized hot gas, but
some only exist in cold phases à It’s a Multiphase
medium!

A closer look reveals that each absorption line is actually
two lines (solid + dashed with same color) !

This only happens when it is the own BLACK HOLE
RADIATION THAT ACCELERATES THE GAS through line
locking, hypothesized but never conclusively seen before.

a.

When another cloud reaches
a relative velocity coinciding
with the separation of the
doublet, it masks radiation
available for the first cloud.
This effect ends up with the
two clouds locked at a
constant relative speed, and
one extra absorption feature
appearing for all metal lines.

b.

We find that RADIATION-PRESSURE WAVES are the best
candidates to explain the multiphase structure and the
acceleration. A wave scenario is consistent with modern
simulations and observations of stellar winds.

http://www.nasa.gov/
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I. INTRODUCTION

• STO2 was the first high spectral resolution terahertz 

balloon mission for astronomy

• 0.8-meter telescope, 50″ resolution at 158 µm

• Heterodyne receiver array for [CII] line; f = 1900.5 

GHz

• Flight from Dec. 9, 2016 to Dec. 28, 2016

• ~255,000 [CII] spectra

• Sorting good and bad data using a clustering algorithm

III. SOLUTIONS USING MACHINE LEARNING

IV. IMPACT ON SCIENCE

• Comparison between conventional methods and Machine Learning in Spectral maps

• Defringe standing waves using deflation Independent Component Analysis (ICA)

• Baseline correction using parallel ICA

• A fraction of spectral data contained features much larger than statistical 

noise and required a new method to process them

Black: data

Blue: ICA baseline
Black: data

Blue: ICA baseline

Good Bad Ugly

Clustering based on spectrum properties using DBSCAN (e.g., standing wave amplitude) 

ICA

47 spectra plotted together
Recombining

signal-removed

ICA components

o Baseline of spectra is not stable and varies significantly over time.

o Conventional methods (polynomial baseline correction) require prior knowledge of emission line location, but it is hard to know when baseline is not stable.

o ICA is utilized to separate baseline and signal components and properly corrects baseline.

o A group of spectra having

standing waves with a large

amplitude

o First and second

components of the deflation

ICA are used to remove

standing waves with a large

amplitude.

One dot denotes one 

spectrum.

Quality of data varies over 

observation time and modes.

Data quality

Best

Good

Bad

Ugly

Faulty

ICA components, smoothing & removing signals

Carina Nebula [CII] @ -13 km/s Carina Nebula [CII] @ -24 km/s Carina Nebula [CII] @ -13 km/s Carina Nebula [CII] @ -24 km/s
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(Polynomial correction)
Machine Learning Method Noise Reduction using Neural Network
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II. CHALLENGES

V. FURTHER APPLICATIONS

• Comparison of STO2 data to data from ISO satellite

(comparison of integrated intensity)

- Conventional Method: deviation from ISO is ~70%

- Machine learning method: deviation from ISO is ~20%

- Noise reduced using CNN: deviation from ISO is ~17%

• First science paper has been accepted by ApJ based on the data

processed using the ML method (arXiv:1903.09517)

• The same algorithm can be used for other submillimeter and

millimeter data

• Applicable to current and future facilities

Current: SOFIA GREAT instrument, DSN spectroscopy

Future: GUSTO balloon, OST Decadal Flagship mission

http://www.nasa.gov/
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What's compensated isocurvature perturbation?

How do CIPs modulate our standard ruler?

• The spatial fluctuations of the baryon density causes an 

inhomogeneous medium for the sound waves to travel 

in the baryon-photon plasma.

Measuring CIPs using BAO modulations

Results: Future galaxy BAO surveys such as 

Euclid, or WFIRST in all-sky mode, can measure 

CIPs (correlated) with sensitiviy like WMAP.

Measuring CIPs using BAO modulation

Implication for tensions in cosmology

▪ Planck lensing anomaly

➢ CIP could be a possible explanation

➢ Need cross-check from other probes

▪ H0 tension

➢ The presence of CIP can bias our 

measurement of H0 assuming no CIPs.

➢ CIP fluctuations at the level allowed by Planck 

power spectra measurements could relieve part 

of the H0 tension between BAO and 

supernovae measurements.

Cosmic-variance-limited surveys of emission-line 

galaxies up to z ~ 7 have sensitivity between 

current and next-stage CMB experiments.

• As a result, the baryon acoustic oscillation (BAO) scale

(a standard ruler we use in cosmology) appear shifted 

(peak location in the insets).

The BAO method could provide a useful 

cross-check for CMB measurements of CIPs.

Method: 1) Divide galaxy survey into cells at Xi ; 

2) measure the BAO scale α in each cell i; 3) use 

the CIP estimator: CIP(Xi) = C (α(Xi) - 1), C = cst.

4) Form auto power spectra (and cross-spectrum 

with galaxy density if looking for correlated CIPs).

• Effective mode: 
well constrained 

(< 4% of adiabatic 

mode).

• CIP mode: baryon 

and dark matter 

(DM) have opposite 

fluctuations – not 

well constrained.

Primordial perturbations in the Universe can be decomposed into 

two types: adiabatic and isocurvature, which can be further split for 

matter and radiation into an effective and compensated mode.

❖ Note: these 

results can be 

further 

improved with 

optimized 

estimator, 

multiple 

tracers, or 

21cm BAO.

http://www.nasa.gov/
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• The cosmic infrared background (CIB) consists of all the unresolved infrared 
galaxies in the Universe

• It is a powerful probe of the astrophysics of galaxies, the star formation history of 
the Universe, and the connection between dark and luminous matter

• The key challenge to obtain large-scale CIB maps is the removal of foreground 
Galactic dust

• We have obtained new, large-scale CIB maps, extracted from the Planck
satellite data, published in Lenz, Doré, Lagache (2019, arxiv: 1905.00426)

• We used Galactic neutral hydrogen from the HI4PI Survey to model the 
Galactic dust foreground

• Our new maps agree well with previous ones, but cover much larger areas and 
are subject to fewer systematics

• The public maps have great legacy value, especially through cross-correlations 
and by using them for CMB de-lensing

• The standard approach to modeling dust 
emission via HI is manually compute HI 
column density maps for different gas 
phases

• This requires a manual separation of the 
HI data cube

• Cannot account for complex structures or 
model large areas

Methods: Using HI to model foreground dust Results: Maps and angular power spectra

• We obtain CIB maps for 25% of the sky at the highest 3 Planck frequencies 
(353 – 857 GHz)

• On smaller scales, we identify the high quality of the separation through the lack 
of dust emission for most parts of the sky

• We validate these products through simulations, internal re-sampling, and 
comparisons with previous studies

• We will present a detailed modeling of the 
resulting power spectra, resulting in better 
constraints on the cosmic star-formation history.

• This can be used to constrain e.g. the primordial 
non-Gaussianity fNL

• More sophisticated separation techniques and data 
sets
• Multi-frequency far-infrared data
• Gaia data
• Using deep learning to better model the 

complex ISM physics (JPL Data Science Pilot)

Cleaned CIB imageTotal FIR intensity

Context Conclusions

Outlook • The cross-correlation with the 
Planck CMB lensing map
identifies the great overlap in the 
structures probes through the dusty 
CIB galaxies and the DM halos

• We obtain measurements on the 
largest scales, which have great 
constraining power for 
parameters such as the non-
Gaussianity fNL

• Instead of accounting only for 
manually-chosen clouds, we use 
each HI spectral channel

• This allows to automatically 
recognize all dust-emitting features

• The results are more robust, more 
accurate and can be computed 
unsupervised

• Spatially, we perform the 
component separation on small 
patches at a time

• This reflects variation in the 
dust-to-gas ratio

• The main challenge is the ideal 
choice of spatial scales that 
removes most dust, but 
preserves large-scale CIB 
fluctuations

http://www.nasa.gov/
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Context
Understanding the “dark energy” causing the accelerating
expansion of the universe is a fundamental goal of the
upcoming ESA/NASA Euclid and NASA Wide Field
Infrared Space Telescope (WFIRST) missions. A key
cosmological probe both missions will use is weak
lensing, which exploits the fact that the light of
background galaxies is deflected by the gravity of
intervening matter.

Artist’s concept

Figure 1. The bending of light by intervening matter as it
propagates through the universe. This effect imprints a
correlated shear in the shapes of galaxies that can be
measured statistically in large imaging surveys.

Figure 2. Illustration of photo-z estimation principle
(from Padmanabhan et al. 2007). As a galaxy’s spectrum
is redshifted, it will display different fluxes and flux
ratios in a given set of broad band imaging filters.

Figure 3. Left: Illustration of dimensionality reduction with the self-organizing map (from Carrasco Kind and
Brunner 2014). Right: Different views of the SOM we developed from galaxy colors derived using deep field data
(Masters et al. 2015, 2019). Each cell in the SOM represents a galaxy SED that shows up in the data with
regularity. This map lets us identify where (in the color space relevant for photo-z estimation) we have sufficient
spectroscopic data and where more constraints are needed.

Methodology
We developed a machine learning-based method to map the high-dimensional manifold of galaxy colors that Euclid
and WFIRST will measure. The solution we found was the self-organizing map or SOM, which projects a high-
dimensional data distribution to lower dimensions in a topologically ordered way. We applied this technique to
photometry from deep extragalactic fields matched closely in depth and filters to the planned Euclid mission
(Masters et al. 2015, 2019).

Figure 5. An important result from C3R2: at fixed
Euclid/WFIRST color, the brightness of a galaxy carries
little additional information about its redshift.

Conclusions
• We have developed a novel method to calibrate galaxy photometric redshifts for cosmology missions.
• Our method forms the basis of the C3R2 survey with the Keck telescopes to prepare for Euclid and WFIRST.
• Similar technique is now being used to explore estimation of galaxy properties beyond redshift.

Benefit to JPL
• The C3R2 survey is widely recognized in the cosmology community as critical to the success of the Euclid and

WFIRST missions; JPL scientists play a leading role in this effort.

The Complete Calibration of the Color-Redshift Relation (C3R2) Survey
• A large, multi-institution, multi-instrument survey with the Keck telescopes to map the galaxy color-redshift

relation in preparation for Euclid and WFIRST
• Joint effort of all Keck partners (Caltech, NASA, University of California, and University of Hawaii), with JPL

leadership
• 44 nights allocated, ~4500 new spectroscopic redshifts critical to the calibration effort thus far (Masters et al. 2017,

ApJ 841, 111; Masters et al. 2019 ApJ 877, 81)
• Data publicly available through Keck Observatory Archive (KOA)
• High visibility in community preparing for Stage IV cosmology missions

Principal Investigators:
Judith Cohen (Caltech) – 16 nights (DEIMOS, LRIS, MOSFIRE)
Daniel Stern (JPL) – 10 nights (DEIMOS, NASA Key Strategic Mission Support allocation)
Daniel Masters (JPL) – 16 nights (8 each LRIS/MOSFIRE, NASA Key Strategic Mission Support allocation)
Dave Sanders (IfA) – 6 nights (DEIMOS; upcoming H20 survey will contribute MOSFIRE/LRIS time)
Bahram Mobasher (UC Riverside) – 2.5 nights (DEIMOS)

Figure 4. Results of the SOM-based calibration applied to the
C3R2 spectroscopic sample of ~4500 galaxies obtained in the
2016A-2017A semesters. The method achieves unbiased
redshift performance. We are continuing to test and refine the
technique with both simulated and real data.

The Redshift Measurement Problem
• To interpret the weak lensing signal, we must know

the three-dimensional arrangement of the galaxies in
the lensing sample. Thus we need galaxy redshifts,
which are related to distance.

• We can only get high-precision spectroscopic redshifts
for a small fraction of the >109 faint galaxies that will
be imaged by these experiments.

• Therefore we must rely on photometric redshift
(photo-z) estimates, which use imaging of galaxies in
multiple filters to build a low-resolution view of the
galaxy spectral energy distribution (SED).

• The requirements on the statistical accuracy of these
photo-z estimates are extremely stringent; in particular
they must be highly unbiased.

http://www.nasa.gov/


Searching for Extended Dust Halos
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Motivation

An analysis of millions of Sloan Digital Sky Survey galaxies revealed an unexpected anoma-

lous reddening extending up to 10 Mpc from the galaxy centers. If this “extra” extinc-

tion is real, it has profound implications for models of the circumgalactic medium and for

cosmological distance measurements. This result defies the predictions of hydrodynamic

simulations of dust production and survival (Figure 1, right panel).

Figure 1. Left: Mean observer-frame reddening profile around i < 21 galaxies as a function of impact

parameter. Taken from Ménard et al. (2010a). Right: Simulated dust surface density as a function of

projected radius about galactic centers at z = 0.3. Taken from McKinnon et al. (2017).

IR Observations

The differential dust extinction (Av) between optical and IR bands is much larger than

between optical bands alone.

Accordingly, we attempt to recreate Figure 1 with ∼ 10 foreground galaxy–background

cluster pairs

We use J & H band imaging from the Widefield InfraRed Camera (WIRC) at Mt. Palomar

Observatory, and optical data from the GALEX-Sloan-WISE Legacy Catalog

Figure 2. redMaPPer member galaxies form a very tight locus in color-magnitude space and are ideal

“standard crayons” with which to search for anomalous reddening.

Extinction in Stacked DES Galaxies

We also search for extended dust halos with a projected spatial correlation between

25,000 foreground galaxies and reddening of 670,000 background galaxies.

Background sample (0.2 < z < 1.3 ) taken from the Dark Energy Survey (DES) Year 1

photo-z catalog

Foreground galaxies taken from the WISExSCOS Photometric Redshift catalogue

We measure extinction with a maximum likelihood estimator for dust-induced

reddening by projecting the dust exctinction law Av(λ) for diffuse dust onto the color

space of the DES galaxies.

Figure 3. Foreground (WISExSCOS ) and background (DES Y1) galaxy z distribution

Results from IR Observations

Wemeasure the difference in cluster member galaxies between the SDSS g magnitude from

the GSWLC catalog and the J-band magnitudes from WIRC observations.

These galaxy g − J colors, which which carry information on the dust content, are plotted

as a function of dustance from the cluster center.

Figure 4. Sample differential extinction plot for a redMaPPer cluster behind a star-forming galaxy.

No trend is obvious in Figure 4, which is representative of our other WIRC imaging.

Results from DES analysis

The MLE for reddening is applied to each galaxy and correlated with the projected distance

of foreground galaxies. The colors are converted to dust extinction Av using the relation

〈Av〉(θ) = 2.4 × 10−3( θ

1′)
0.84

The extinction is also computed along four “control” vectors. These vectors are perpendic-

ular to the MLE in color space, and no reddening is expected.

Figure 5. Extinction of background DES galaxies correlated with low-z foreground galaxies

.

A radially dependent extinction is clearly visible, and well above the reddening from the

control vectors (plotted in blue).

Conclusions

Differential IR measurement on individual galaxy -- cluster pairs are inconclusive

This is likely attributable to the fact that in J-band, dusty galaxies are not

distinguishable in absorption from non-dusty galaxies. In addition, WIRC has strong

non-linearity that makes precise photometry difficult.

Analysis of stacked cluster/galaxy pairs will likely be required to make conclusive

results, as well as comparison to random sample.

Stacked DES galaxy analysis shows strong extinction trend

However, the exctinction is 100 times larger than expected from the literature.

Likelihood testing against the random vector and searching for potential systematics

are still needed to ensure the validity of our finding.
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Figure 9. Forecasts for the constraints on the half-mode mass as
a function of the number of lenses, including line of sight halos and
subhalos of the main deflector. Black, purple, blue, and red colors
denote flux uncertainties of 2%, 4%, 6%, and 8%. The solid line
corresponds to a normalization ⌃sub = 0.008kpc�2, while dashed
lines correspond to ⌃sub = 0.022kpc�2. The y-axis labels repre-
sent the 2� bound on mhm, with the mass of the corresponding
thermal relic dark matter particle in parentheses. Models with
more subhalos (dashed lines), and hence more signal, are more
resilient to flux uncertainties than models with fewer lens planes
subhalos (solid lines) and produce stronger constraints on mhm.

model predictions for this observable. With control over im-
age fluxes at the level for 4%, routinely achieved at present
(Nierenberg et al. 2014, 2017), the bounds on mhm with 50
quads range between 107.1 � 108.1M� for values of ⌃sub of
0.01 and 0.022 kpc�2, respectively. With more precise pre-
dictions of ⌃sub made on a lens-by-lens basis, these bounds
may improve. We also note that future surveys, such as
LSST, WFIRST, and Euclid, will discover hundreds of quads
(Oguri & Marshall 2010), so the sample of available quads
will eventually be much larger than 50.

6 SUMMARY AND CONCLUSIONS

We have presented a method to perform Bayesian inference
on the halo mass function through a forward modeling anal-
ysis of image flux ratios in quadruply imaged quasars. We
model the contribution from line of sight halos, which boost
the signal per lens and permit stronger constraints on the
properties of dark matter with fewer systems. We demon-
strate the method with a sample of 50 quads, comparable in
number to the currently observed sample size, and project
the constraints on the free streaming length of a WDM par-
ticle under di↵erent degrees of flux measurement and lens
modeling uncertainties, while marginalizing over parameters

describing the size of the background source, the lens macro-
model, and the amplitude of the line of sight halo mass func-
tion.

Our key results can be summarized as follows:

• With a sample of 50 quads, we are able to constrain
the free streaming length of dark matter on scales below
108M�. Assuming CDM, with mean subhalo mass func-
tion normalizations ⌃sub = 0.022kpc�2

�
0.008kpc�2

�
we

forecast bounds on the half-mode mass of 107
�
107.9

�
M�,

107.1
�
108.1

�
M�, 10

7.4
�
108.4

�
M�, 10

7.5
�
108.8

�
M� for flux

uncertainties of 2%, 4%, 6%, and 8%, respectively. These
mhm limits translate to bounds on the mass of thermal relic
particles of 8.2 (4.4), 7.7, (3.8), 6.2 (3.1), 5.8 (2.4) keV.

• Line of sight halos contribute substantially to the sig-
nal in flux ratios, even dominating the signal in lens systems
with higher lens and source redshifts. However, the normal-
ization of the subhalo mass function still plays a key role in
scaling the information content per lens, with higher values
of this parameter translating into tighter constraints on the
mass function. The half-mode mass is also covariant with the
normalization, which a↵ects the marginalized constraints on
this parameter. These features underscore the importance
of theoretical work to predict the projected surface mass
density of substructure inside galactic halos with accurate
models of baryonic feedback and tidal stripping.

• In the case that dark matter is warm, we are able to
infer the location of the turnover in the mass function with
50 quads, even if it lies below 108M�. With a half-mode
mass of 107.7M�, which corresponds to a 5.1 keV thermal
relic particle, we favor WDM mass functions with mhm >

107.7M� over CDMwith relative likelihoods of 22:1, 30:1 and
8:1 for flux uncertainties of 2%, 4%, and 6%, respectively.
With the same set of flux uncertainties and a half-mode
mass of 107M�, we favor WDM with mhm > 107M� over
CDM with relative likelihoods of 4:1, 3:1, and 2:1. These
constraints will likely improve with additional lenses, which
suggests that a future large sample of quads could be used
to infer a turnover in the halo mass function at 107M� at
high statistical significance.

Our work is broadly consistent with other studies of
the line of sight contribution in substructure lensing. For
instance, by ray tracing through N-body simulations, (Xu
et al. 2012) compare the frequency of flux anomalies induced
by line of sight versus main lens halos, and reach the con-
clusion that line of sight halos contribute at the same level
as subhalos. More recently, (Despali et al. 2018b) analyze
the role of line of sight halos in the context of gravitational
imaging. This method di↵ers somewhat from this analysis in
that it aims to detect individual halos along the line of sight,
and in the main lens plane, but the authors reach a simi-
lar conclusion: the line of sight contribution substantially
boosts the signal per lens.

The strength of the constraints on WDM models de-
pend sensitively on the normalization of the subhalo mass
function. This is partly due to the interpretation of the nor-
malization as scaling the information content per lens, and
also due to the covariance between the normalization and
the half-mode mass, although we stress that despite this co-
variance both parameters can be constrained independently.
This highlights the importance of refining theoretical predic-
tions for the value of the normalization, accounting for halo
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Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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The majority of matter in the Universe is believed to be collisionless 
particles which do not interact electromagnetically. Dark matter forms 
structures (halos), with galaxies in the centers. The free streaming 
length which controls the number of dark matter halos is a key open 
question in modern physics. If some halos do not contain observable 
galaxies we cannot tell the difference between a Warm and Cold Dark 
matter scenario with traditional methods. 
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Figure 1. Left : Strong gravitational lensing provides a powerful test of CDM, as each
strongly lensed image probes low mass dark matter structure along the entire virial radius
of a lens halo as well as along the entire line of sight through the universe. Right :
Narrow-line flux ratios obtained from WFC3 grism (N17, GO-13732).Black points indicate
the projected region in which a perturbing halo with mass Mvir = 1010M� is excluded at a
3� confidence allowing for full flexibility in the large-scale macromodel. The average
excluded region is a cylinder with radius ⇠6 kpc at the redshift of the lens. A similar
analysis yields an exclusion of Mvir = 107.5M� halos within projected ⇠ 0.6 kpc of each
lensed image
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Figure 2: Hubble Space Telescope images of three representative four-image strongly-lensed

quasars, illustrating the types of objects that produce cosmological microlensing. A 1′′ angu-
lar scale bar is shown in each panel. The intrinsic variability of the lensed quasar will appear in
each of the four images with a time-delay that is set primarily by the gravitational profile of the

lensing galaxy and the relative distances. Each lensed image will feature additional magnification
changes through microlensing by the screen of stars within the lensing galaxy, along each image’s
line of sight. This is the signal discussed here.

Using multi-wavelength observations of multiple caustic-crossing events, it is possible in prin-
ciple to reconstruct the two-dimensional structure of the emitting regions corresponding to each
wavelength. Due to the magnifications involved (Fig. 3), the angular sizes resolved correspond to

physical scales of a few Astronomical Units (Fig. 1). With observations at corresponding wave-
lengths, it becomes possible to measure the inner radius of the accretion disk, as well as its overall

structure and environment. These are related directly to the black hole mass and spin. By identi-
fying and tracking multiple such events in a large sample of lensed quasars, it will be possible to
address a series of fundamental questions about the nature of accreting supermassive black holes,

including:

• The mass and spin distribution of SMBHs;
• The relationship between SMBH mass and growth rate;

• Quasar accretion efficiency through the accretion disk temperature gradient;
• Whether re accretion disks are uniform, or exhibit structural complexity;
• Whether General Relativity is an accurate description of SMBHs.

In addition to the quasar physics, there is speculation that features in such systems may be cal-
ibratable to known physical sizes or luminosities, in particular from the dust-sublimation distance,
which may become a new standard rod or standard candle. There is already tantalizing work in

this direction (e.g. Lusso+Risaliti 2017).

Insights to Date: Since the discovery of the first gravitational lens in 1979 (Walsh+1979) of the
two-image lensed quasar Q0957+561, there have been numerous concerted efforts to monitor such

systems. Microlensing by the lens-galaxy stars is routinely detected (Irwin+1989, Anguita+2008,
Morgan+2010), and indeed is a systematic that must be accounted for when the primary goal

of monitoring is to measure time delays between images towards Hubble constant measurements
(Eigenbrod+2005, Suyu+2017). To date, the following main breakthroughs in quasar physics mea-
surements that have been accomplished:
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Flux ratio statistics with line of sight halos 5

Figure 2. A visualization of the mass distributions that a↵ect observables in single-plane and multi-plane lensing. The top and bottom
rows show a single realization of CDM and WDM structure, respectively. Left: The convergence map from subhalos of the main deflector
only, with ⌃sub = 0.012kpc�2, which corresponds to a projected mass fraction in substructure at the Einstein radius of 1% at z = 0.5.
Center: The full line of sight realization viewed in projection. Computing deflection angles with respect to these mass distribution
e↵ectively employs the Born approximation, in which the deflection angles from halos at di↵erent redshifts are computed by assuming
light travels along an unperturbed path. There are blue regions with negative mass due to the inclusion of negative convergence sheets
at each lens plane, to ensure that the mean density along the line of sight is the background density of the universe. Right: The e↵ective

multi-plane convergence for these realizations. The deflection angles corresponding to these convergence maps, after subtracting o↵ the
convergence from the main deflector, include the non-linear e↵ects present in multi-plane lensing not captured by the Born approximation
(see Appendix A).

3 EFFECT OF LINE OF SIGHT STRUCTURE
ON IMAGE FLUX RATIOS

In order to constrain di↵erent dark matter models, we must
accurately predict image flux ratios in the presence of per-
turbing dark matter halos in the main lens plane and along
the line of sight. To this end, in this exploratory section
we investigate the e↵ect of halos at multiple redshifts on
flux ratio observables. First, we present visualizations of the
non-linear e↵ects present in multi-plane lensing by defining
an e↵ective single plane mass distribution for a multi-plane
lens system. We then quantify the signal in flux ratios from
line of sight structures using a summary statistic, and com-
pare the contributions from subhalos in the main deflector
to the signal from line of sight objects for lenses at di↵erent
redshifts.

3.1 Multi-plane lensing

As photons traverse the cosmos from a background source to
an observer, they experience numerous deflections by dark
matter halos along the line of sight. One formulation of the
equation describing these deflections and the path of de-

flected light rays is given by (Schneider 1997)

�S = ✓ � 1
Ds

S�1X

n=1

Dns↵n (Dn�n) . (8)

where �S and ✓ denote angular coordinates in the source
plane and on the sky, respectively, and where Dn and Dns

denote angular diameter distances to the nth lens plane, and
between the nth lens plane and the source plane.

In the case of a single lens plane, the deflection field
from multiple halos is a linear superposition of the deflec-
tions from each individual halo. In the case of multiple lens
planes, however, Equation 8 becomes a recursive equation
for the �n, coupling the deflections from halos at di↵erent
redshifts. Equation 8 describes a physical process akin to
looking through a magnifying glass through the lens of an-
other magnifying glass (or in the case of substructure lens-
ing, through thousands of other magnifying glasses). For ad-
ditional details on multi-plane lensing, see Schneider et al.
(1992).

The number of halos along the line of sight often out-
number main lens plane subhalos, to a degree that depends
on the lens and source redshifts, and the normalization of
the subhalo mass function. However, number counts do not
accurately reflect the e↵ects of these line of sight objects on
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at each lens plane, to ensure that the mean density along the line of sight is the background density of the universe. Right: The e↵ective
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convergence from the main deflector, include the non-linear e↵ects present in multi-plane lensing not captured by the Born approximation
(see Appendix A).
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ON IMAGE FLUX RATIOS

In order to constrain di↵erent dark matter models, we must
accurately predict image flux ratios in the presence of per-
turbing dark matter halos in the main lens plane and along
the line of sight. To this end, in this exploratory section
we investigate the e↵ect of halos at multiple redshifts on
flux ratio observables. First, we present visualizations of the
non-linear e↵ects present in multi-plane lensing by defining
an e↵ective single plane mass distribution for a multi-plane
lens system. We then quantify the signal in flux ratios from
line of sight structures using a summary statistic, and com-
pare the contributions from subhalos in the main deflector
to the signal from line of sight objects for lenses at di↵erent
redshifts.

3.1 Multi-plane lensing

As photons traverse the cosmos from a background source to
an observer, they experience numerous deflections by dark
matter halos along the line of sight. One formulation of the
equation describing these deflections and the path of de-

flected light rays is given by (Schneider 1997)
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where �S and ✓ denote angular coordinates in the source
plane and on the sky, respectively, and where Dn and Dns

denote angular diameter distances to the nth lens plane, and
between the nth lens plane and the source plane.

In the case of a single lens plane, the deflection field
from multiple halos is a linear superposition of the deflec-
tions from each individual halo. In the case of multiple lens
planes, however, Equation 8 becomes a recursive equation
for the �n, coupling the deflections from halos at di↵erent
redshifts. Equation 8 describes a physical process akin to
looking through a magnifying glass through the lens of an-
other magnifying glass (or in the case of substructure lens-
ing, through thousands of other magnifying glasses). For ad-
ditional details on multi-plane lensing, see Schneider et al.
(1992).

The number of halos along the line of sight often out-
number main lens plane subhalos, to a degree that depends
on the lens and source redshifts, and the normalization of
the subhalo mass function. However, number counts do not
accurately reflect the e↵ects of these line of sight objects on
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T.Treu: Flux ratio anomalies and the substructure problem 4

Figure 3. Signal-to-noise ratio maps for the proposed experiment: The top row shows the expected
S/N maps obtained by rescaling the total line flux by the flux ratios as measured in the continuum from
HST. The bottom row shows the expected S/N maps obtained by rescaling the total line flux by the flux
ratios predicted by smooth models without substructure (see Table 1). The difference is apparent by
eye. All simulations have been performed using the OSIRIS ETC developed by David Law assuming
exposure times of 10800s (0810), 7200s (for 0924 and 1138), a3600s (for 1413 and 1422). The S/N
ratio scale shown is 0-50 for 0810, 0924 and 1138 and 0-150 for 1413 and 1422. The field of view
shown is the OSIRIS field of view for 0.0500 pixels in the appropriate narrow band filter.

Figure 4. Left Mid-IR Subaru image of
1422; note how A and B are blended, while D
is undetected (Chiba et al. 2005). Our experi-
ment will detect D and resolve all four images
(see Figure 3).Right: Mid-IR image of 1413
(MacLeod et al. 2009).
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Figure 2. Results from previous narrow-line lensing proposals (GO-13732, 15177) Row a):
HE0435 reduced with the 3DHST reduction pipeline (N17). From left to right: Direct image
of HE0435, grism image, 1D psf-weighted trace for image A, and model spectral fit with
one sigma uncertainties showing contributing spectral components. The forward modelling
pipeline accounts for all blending between spectral components by summing simulated
lensed spectra for each component and measuring �2 in the combined native 2D grism
frame. Row b): Spectral fits to images from a subset of lenses using the updated grizli

pipeline which works in the native flt frame. Although only one spectral model per lens is
shown here, for each lens four separate spectral fits are performed, to account for the
e↵ects of microlensing and intrinsic variability in the quasar broad and continuum
components. Row c) A comparison of the psf-weighted model and observed traces with the
updated grizli reduction pipeline. Typical narrow-line flux ratio precision is < 5% for the
updated reduction pipeline.
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Gravitational microlensing of AGN dusty tori 5

Figure 1. Left panel: Microlensing magnification map, with 61.42 pc (1156 RE) on the side. Average surface mass density and shear take value of κ = γ =
0.4. White circles indicate sizes of tori used in this study (Rout = 3 and 10 pc). Right panel: zoom-in on the square with 12 pc on the side, from which the
light curve of microlensing event is extracted (vertical white line).

1 mμ 2.3 mμ 4.6 mμ 9.7 mμ

Figure 2. Top row: images of torus at different wavelengths, face-on view. From left to right, panels represent model images at 1, 2.3, 4.6, and 9.7 µm. All
images are given in the same, logarithmic color scale. The visible squared structure is due to the clumps which in our model are in the form of cubes. The
adopted values of torus model parameters are: optical depth τ9.7 = 5, dust distribution parameters p = 1 and q = 2, the half opening angle Θ = 50◦ ,
the relative clump size ξ = 12.5, the inner and outer radius Rin = 0.8 and Rout = 3 pc, respectively. Bottom row: microlensing magnification maps after
convolution with the corresponding tori images from the top row. Maps correspond to the region shown in the right panel of Fig. 1. For clarity, a different scale
of coloring for each map is adopted, so that the details of each image are visible.
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in the following form is used to map the ray from the observer,
through the lens, and into the source:

~y ¼
1" c 0
0 1þ c

! "
~x" rc~x"

XN$

i¼1

mið~x" ~xiÞ
ð~x" ~xiÞ2

: ð1Þ

Here, ~x and ~y are the location of a light ray in the lens and source
plane respectively, ~xi and mi are the mass and co-ordinates of the
ith microlensing star. For the remaining terms in this expression,
rc represents the local density of smooth matter in the galaxy,
whereas c, known as the shear, encapsulates the large-scale asym-
metry in the galaxy mass distribution. The surface density of com-
pact objects (assumed to be uniform), is also used in modelling and
simulations and is given by rs. The distance scale used in lensing is
the Einstein Radius (ER), the radius of a ring produced by lensing of
a source that is directly behind a point lens in a line from lens to ob-
server. Einstein Radii are used to refer to the extent of observed
images on the sky, and are derived from the mass of the lens and
the distances to the lens and source.

2.2. Numerical approach

Clearly, Eq. (1) can also be seen as a mapping from a source
location, ~y, to a number of image (or observed) positions ~x; it is
apparent that this mapping is one-to-many, with a single source
resulting in a number of images (dependent upon the number of
microlensing masses N$). However, reversing the mapping from
the image plane back to the source is one-to-one and hence an ‘‘in-
verse ray-tracing” mechanism (Glassner, 1989) is typically em-
ployed in the study of microlensing. With this, the observer
sends out a large number of rays into the image plane. For each
ray, the deflection angle is calculated through Eq. (1) and the ray
is mapped into the source plane and collected on a grid. After all
the rays are followed, the density of rays in the binned-up map
of their source positions is directly proportional to the magnifica-
tion of a source at that location; Fig. 1 presents an example of such
a map, where light regions correspond to a high density of col-
lected rays (i.e. strong magnification) whereas dark regions corre-
spond to the opposite situation.

A deeper examination of Eq. (1) reveals that the computation-
ally intensive aspect of undertaking such ray-tracing is the sum
over the microlensing masses when calculating the deflection an-
gles; in typical simulations, there could be 105 ! 106 masses, with
the tracing of ' 1011rays required to achieve sufficient density in

the source plane. Following the seminal work by Kayser et al.
(1986), Wambsganss (1999) implemented an inverse ray-tracing
approach which has become the ‘‘industry standard”, utilizing a
tree-algorithm to ease the sum over the microlensing deflection
angles. The advent of this approach has allowed the analysis of
the magnification patterns of microlensed quasars (Wambsganss,
1992), the structure of quasar broad line emission regions (Keeton
et al., 2006; Lewis and Ibata, 2004), chromatic effects in microlen-
sing (Wambsganss and Paczynski, 1991), the nature of dark matter
in lensing galaxies (Lewis and Gil-Merino, 2006; Pooley et al.,
2009; Schechter and Wambsganss, 2002), and the effect of source
size on microlensing (Bate et al., 2008; Mortonson et al., 2005),
among others.

3. New physical challenges

Several quasar systems appear to possess anomalous flux ratios
(Blackburne et al., 2006; Eigenbrod et al., 2006; Ota et al., 2006;
Pooley et al., 2006), meaning that the observed image brightnesses
differ significantly from predictions drawn from gravitational lens
models possessing mass distributions that are smooth on galactic
scales. Two key hypotheses have been put forward to explain these
observations; either these anomalous ratios are due to millilensing
by ' 106 M( clumps of dark matter in the halo of the lensing gal-
axy (Chiba, 2002; Dalal and Kochanek, 2002; Metcalf and Madau,
2001; Mao and Schneider, 1998), or the quasars are microlensed
by stars embedded in an overall smooth dark matter distribution
(Witt et al., 1995). The former proposal is attractive as it may pro-
vide the first direct measurement of the missing substructure ex-
pected from galactic build-up in cold dark matter formation
scenarios. The latter proposal is also important, potentially probing
the fundamental nature of dark matter, as will be explained below.

The original proposal by Witt et al. (1995) considered a smooth
dark matter component which actually suppresses the image flux
for long periods, leading to the apparently anomalous flux ratios.
However, Schechter and Wambsganss (2002) questioned this
hypothesis, suggesting that the dark matter could in fact be com-
posed of substellar compact objects, and that the existence of such
a compact component could imprint itself on the resulting gravita-
tional lens statistics. In studying the microlensing hypothesis, a
number of of numerical simulations were undertaken by Schechter
and Wambsganss (2002) using the backwards ray-shooting ap-
proach, and Fig. 2 illustrates several examples of the parameters
employed. Fig. 2(a) simulates a galaxy of a few thousand stars all
of one solar mass ðM( Þ, with rs ¼ 0:475 and c ¼ 0:425. Fig. 2(b)
and 2(c) use the same parameters but two different masses for
rs: 2% of the mass is in stars of mass M( , and the rest is contained
in small compact objects, 0:01 M( in (b) and 0:001 M( objects in
(c). The final panel, Fig. 2(d), presents the case of a smooth dark
matter component ðrs ¼ 0:0095;rc ¼ 0:4655; c ¼ 0:425Þ; as
shown in Lewis and Gil-Merino (2006), when the mass of the com-
pact dark matter component is made smaller, the general scale of
caustic structure is reduced, although large-scale caustic features,
due to the presence of the solar mass stars in the simulations, re-
main. In comparing the lower two panels in Fig. 2, the large-scale
caustic structure is the same in the small compact and smooth dark
matter cases, but the smaller scale structure is quite different (in
fact, it is non-existent in the smooth matter case). Lewis and
Gil-Merino (2006) went on to show that, even though the large
scale caustic structure is similar, the presence of the small scale
caustics imprints itself on the statistical properties of the microlen-
sing, with the lower panels possessing quite different magnifica-
tion probability distributions. However, convolving these maps
with a finite source radius washes out the small scale caustic struc-
ture, and for large enough sources the convolved compact mass

Fig. 1. An example of a gravitational microlensing magnification map generated via
inverse ray tracing. The lens consists of 435 stars each of 1 solar mass ðM( Þ,
randomly distributed, with mass parameters rs ¼ 0:39; c ¼ 0:10. The viewing
window is 8 ER in width. Light shading corresponds to regions of high magnifi-
cation, whereas darker regions represent demagnification.
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Quasar	Accretion	Disk	

1 GeV/c2 

 Cold Dark Matter 
2  keV/c2  
Warm Dark Matter 

Panel A. Small halos anywhere 
along the line of sight perturb 
the magnifications relative to 
their expected single deflector 
values. 
 
Panel B shows a lens for which 
the magnifications have been 
distorted by small scale 
structure.  
 
Panel C shows the lensing 
effect by substructure in a 
Warm (left) or Cold (right) dark 
matter Universe. 
 
Panel D: The size of the lens 
source matters. If it is too small, 
there is also significant 
magnification due to stars in the 
main lens, as in the case of a 
quasar accretion disk (left). A 
large ~mas in projection source 
is needed to ensure small scale 
perturbations due to stars are 
averaged out (right). For 2 
decades this has limited the 
field to 7 radio loud quasar 
lenses.  

Observed 

Model with no 
substructre 

Radio	Emission	Source	

In a strong gravitational lens, a background source is multiply 
imaged with image positions and relative magnifications dependent 
on the mass distribution of the deflector.  

Radio Jet 

Narrow Emission 
Traditionally radio jets were the 
only source used to measure the 
halo mass function since its 
extended and not affected by 
microlensing. However radio jets 
are relatively rare. Many more 
quasars have significant narrow 
line emission. We use this narrow 
line emission as a lens source to 
enable us to more than double the 
number of systems which can be 
used for this measurement. 
(Moustakas and Metcalf 2003) 

In order to use narrow-line emission as a lens source, it’s necessary to measure 
separate spectra in each lensed image, typically separated by less than 1 arcsecond 
spatially. This can be done using the HST grism. We have two HST programs to 
measure spatially resolved spectroscopy for a total of 15 strong gravitational 
lenses (GO-15177, GO-13732, PI Nierenberg). 

Credit: Carnegie Institute 

Nierenberg et al. 2017 

Gilman et al. 2019 

With narrow-line lenses we 
more than triple the sample of 
systems which can do this 
measurement, enabling the 
tightest ever constraint on the 
dark matter free-streaming 
length. The current best limit 
is indicated by the yellow line 
from Lyα forest (Viel et al. 
2013). We expect to get a 
constraint nearly this strong 
(purple band, fig. to right), 
with completely independent 
systematics. Future surveys 
such as Euclid/LSST will find 
hundreds of systems suitable 
for this method. (Oguri and 
Marshall 2010) 

Gilman et al. 2019 

Magnification due to stars 

C 

D 

B 

A 

The best constraint on the free-
streaming length 

Gardsten et al. 2009 Stalevski et al 2009 

 Combined with ground based 
adaptive optics measurements, the 
new sample of lenses which can be 
used to measure the properties of 
dark matter on small scales is 22, 
triple the previous sample. 
 

Forecast for the constraint from varying lens 
sample sizes and flux uncertainties. The bands 
indicate a range of model uncertainties. 
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1. Problem

Observations: This is what is going on

3. Implementation of the Technique

Importance to NASA and JPL
This work enables the fundamental research outlined by the 2013 Heliophysics Decadal Survey’s Key
Science Goal 2 as well as operational capability that facilitates 2015 National Space Weather Action
Plan’s goals 4 and 5. The increased capability and understanding provided by this research is aligned
with strategic directions of Section 335 Tracking Systems and Applications.

2. Data and Methodology

Credits: NASA/Terry Zaperach

ISINGLASS sounding rocket 
experiment launched on the night 
of 2nd March 2017, into the auroral 
form to measure the plasma 
properties.

• Poker Flat Incoherent Scatter Radar (PFISR) 
operated on a special multi-beam mode to obtain 
2D electric fields and aid ISINGLASS mission.

• These high-resolution measurements can be used 
to calculate electric field potentials and drive 
the global I-T model.

PFISR Beam-11
Potentials RMSE Ne RMSE Te RMSE Ti

Weimer Model 4.1E+10 998K 1764K

Calculated from Etotal 3.7E+10 992K 1720K

Calculated from Ebackground 3.9E+10 991K 1723K

Calculated from Evariability 4.1E+10 996K 1745K

Errors in Measurements 4.2E+10 3054K 7167K

II. Convert Electric Fields to Global Drivers for the I-T Model

I. Analyze Meso-scale Electric Field Variability
4. Conclusions

5. Summary and Future work

We developed a framework that can utilize any 2D electric 
field measurement as input to run a global I-T model. 
With this capability we are now able to investigate the 
effects of meso-scale electric fields on the global 
energy budget during active geomagnetic periods.

Our ongoing and future work include:
• Validation Studies: More events, different measurements
• Error and uncertainty quantification: Understanding how 

measurement and modeling errors propagate

Analyze 
meso-
scale E 

field 
variability

Convert E 
fields to 

potentials 
(Total, 

Background, 
Variability)

Drive 
global I-T 
model to 

understand 
system 

response

• The measured electric fields are decomposed into “Background” and “Variability” by 
subtracting 30 minute time averaged values.

• Then, the electric 
fields are integrated 
over a desired grid, 
to calculate electric 
potentials. 

• To preserve the 
measured variability 
in both directions, 
we calculate 
potential change 
in x and y.

• Merge the calculated potential changes with the empirical model to drive the global I-T model.

Credits: NASA/Terry Zaperach

• We used 4 different inputs to drive the global I-T model, 
compared the results and calculated RMS errors along beams 
between 0626UT-0726UT. 

• The results improved when the Variable, Background and 
Combined potentials were factored in.

• The measurement errors are comparable to the numerical 
errors.

• The biggest improvement was to the ion temperature, 
indicating the importance of ion convection mechanism for 
energy dissipation in I-T system.

Alaska

Space Weather (geomagnetic storms and substorms) conditions can 
cause rapid and intense changes in the high-latitude ionosphere. The 
energy is dissipated on large (>500 km), meso- (100-500 km, <15 
minutes), and small-scales (<100 km).
Problem:
• Current forecasting efforts depend on global numerical models that 

can’t resolve the meso-scale structures nor use these fields as 
drivers.

• Missing meso-scale electric field variability (temporal + spatial) causes 
underestimation of energy input and dissipation in the high-latitude 
Ionosphere.

Empirical Model: These are our best estimates

Goal: Incorporate dynamic drivers in a global model to improve 
our understanding of the high-latitude Ionospheric variability.

http://www.nasa.gov/
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